This study describes a series of cases and reviews the literature on cases of ring lesion on diffusion-weighted imaging to better appreciate the spectrum of disease associated with this neuroimaging finding. We retrospectively reviewed the MR studies of 15 patients with ring pattern lesions on diffusionweighted imaging from an inpatient Neurology service of a tertiary care center seen over a ten-year period, and reviewed cases in the literature. Thirty-one cases, including 15 new patients, comprise the study group. Immunocompromised patients accounted for 38% of patients with ring lesions on diffusion-weighted imaging with cerebral aspergillosis in five patients, progressive multifocal leukoencephalopathy in three, primary CNS lymphoma in two, cerebral toxoplasmosis in one, and resolving cerebral hematoma in one. In the immunocompetent group demyelinating lesions including multiple sclerosis, acute disseminated encephalomyelitis, Balo's concentric sclerosis and acute necrotizing encephalitis, were seen in 11 patients, vascular etiology in four and neoplastic in three patients, two primary and one metastatic and pyogenic brain abscess in one. Ring lesions on diffusion-weighted imaging are associated with a spectrum of disease not previously considered. Immunocompromised patients accounted for almost one-half while demyelinating conditions in the immunocompetent patients were most common overall.
Introduction
Diffusion-weighted imaging (DWI) is routinely used in the diagnosis of acute cerebral infarction and pyogenic brain abscesses 1 and in these settings the DWI changes are nearly always uniform in appearance throughout the region of abnormality.
By contrast, when DWI abnormalities are most pronounced along the lesion periphery and therefore present as ring lesions on DWI sequences, the underlying pathology may differ.
We present a series of 15 cases and review the literature on DWI ring pattern lesions, demonstrating that this MR imaging feature is associated with a broad differential diagnosis, most commonly demyelinating disease.
Methods
The case selection reflects one author's (PFF) personal experience over a ten-year period at the same institution and includes 15 new and four previously reported patients [2] [3] [4] [5] . The literature review employed PubMed.gov computer search using "restricted-diffusion ring", and "DWI ring", eliminating references where the ring was due to enhancement. Additional citations were selected from references within the initial search results.
Image acquisition. MR imaging was performed utilizing a 1.5 T system (Sigma HDx; GE Medical Systems, Milwaukee, WI, USA) equipped with echo-planar gradients. DWI sequences were acquired using a single-shot, echo-planar technique with sampling of the en-tire diffusion tensor. Diffusion measurements in three orthogonal directions with a b value of 1000 s/mm 2 were obtained with TR/TE/NEX of 6000/98/2, a FOV of 24 × 24 cm and a matrix of 128 × 128 pixels, a section thickness of 5 mm with a 2 mm gap, and 22 axial sections. Nonisotropic DWIs and ADC maps were generated automatically by the scanner.
Case Vignettes
Case 1. A 36-year-old-man with mental retardation presented with new onset lethargy, left-sided weakness and right gaze preference. Neurologic examination was non-focal with mental status changes consistent with mental retardation. MR imaging was performed ( Figure 1A,B ). Brain biopsy was performed and showed glioblastoma multiforme grade IV.
Case 2. A 46-year-old-man with a history of cirrhosis and HIV infection for 20 years treated with highly active antiretroviral therapy presented following three generalized seizures. Neurologic examination showed normal mental status with decreased fine motor movements on the left and bilateral asterixis. MR imaging ( Figure 1C ,D) was consistent with T2 shine through from prior lobar hemorrhage.
Case 3. A 77-year-old-man was admitted after sudden onset of dizziness and a fall. Neurologic examination showed normal mental status and absence of light touch and pinprick sensation and mild weakness on the left. MR imaging ( Figure 1E ,F) was consistent with hemorrhagic infarction. Case 4. A 54-year-old-man with AIDS was found by the police confused and wandering the streets.
Neurologic examination noted the patient to be alert and answering all questions with "yes". MR imaging was performed ( Figure 1G ,H). Subsequent PCR for JC virus was positive in the CSF.
Case 5. An 82 year-old-man with coronary artery disease presented with a two-week history of falling. MR imaging ( Figure 1I ,J) was consistent with cerebral infarction. A year later he was readmitted with a new left middle cerebral artery territory infarction on MR. Case 6. An 81 year-old-man with a twomonth history of dragging his left leg was admitted following a fall. MR imaging was performed ( Figure 1K ,L). A repeat MR after six weeks showed an increase in lesion size and he expired two and a half months following diagnosis of a primary brain neoplasm.
Case 7. A 72-year-old man developed sudden right-sided weakness and sensory loss and was treated with intravenous thrombolytic therapy. MR imaging was performed (Figure 2A,B ). Recurrent cerebral infarction in multiple vascular territories suggested an embolic etiology. Case 10. A 31-year-old woman awoke with slurred speech, left facial droop and left arm weakness. MR imaging showed changes consistent with multiple sclerosis (Figure 2G,H) .
Case 11. A 33-year-old man presented with left arm clumsiness and weakness. MR imaging was performed ( Figure 2I ,J). Symptoms and neuroimaging abnormalities resolved over the next year and he is followed with a diagnosis of tumefactive multiple sclerosis.
Case 12. A 49-year-old man presented with headache, left-sided numbness and diplopia. MR showed a ring lesion in the pons ( Figure  2K ,L). After six months he returned to baseline with marked resolution of MR imaging changes consistent with acute disseminated encephalomyelitis.
Case 13. A 35-year-old man with non-insulin dependent diabetes and obesity presented with episodes of shaking of the right lower extremity followed by dragging the right leg. MR was performed ( Figure 3A,B ). MR spectroscopy (MRS) showed elevated lipid and lactate peaks and MR perfusion showed no increased blood volume of the lesion wall. The patient was treated with a broad-spectrum antibiotic for four days. Repeat MR showed increasing lesion size and a stereotactic brain biopsy was performed. Seven milliliters of purulent material were aspirated and methenamine silver stain showed clusters of bacteria identified as grampositive cocci consistent with streptococci.
Case 14.
A 20 year-old women was found with right-sided weakness and difficulty speaking. Cerebrospinal fluid was normal except for myelin basic protein of 6.4 mcg/L (n=0-4.0) and the presence of five oligoclonal bands. MR imaging was performed ( Figure 3C,D) . A right frontal stereotactic brain biopsy demonstrated demyelination. The patient met the diagnostic criteria for multiple sclerosis.
Case 15. A 31-year-old woman with AIDS presented with a one-week history of worsening headache followed by left hemiparesis on the day of admission. MR imaging was performed ( Figure 3E,F) . Treatment for toxoplas-mosis with pyrimethamine and sulfanpirazone resulted in clinical improvement and subsequent neuroimaging after three weeks showed marked lesion resolution.
Discussion
To date, the differential diagnosis of ring lesions on DWI has only been considered in the context of single case reports 2,4,6 . We present a series of 15 cases (Table 1 ) and review the literature on this uncommon neuroimaging finding, and define a broader spectrum of disease that includes cerebral aspergillosis, Balo's concentric sclerosis (BCS), acute necrotizing encephalitis (ANE), multiple sclerosis (MS), acute disseminated encephalomyelitis (ADEM), progressive multifocal leukoencephalopathy (PML), toxoplasmosis, primary and metastatic brain tumors, cerebral infarction and pyogenic brain abscess ( Table 2 ). Immunocompromised patients accounted for some 39% of patients with ring lesions on DWI, so that knowledge of the patient's immune status figures prominently in determining the etiology. In the immunocompromised group cerebral aspergillosis was most common and diagnosed in five cases where lesions were multiple and small. Additionally, there were three cases of PML where the ring lesions were single and tended to be large (> 5 cm) and not well-defined, and two cases of primary CNS lymphoma (PCNSL) where lesions were single and small (<1 cm) and welldefined. Lymphoma, although here reported in immunocompromised patients, may also occur in immunocompetent patients. In addition, a patient with HIV infection and thrombocytopenia presented following a seizure with a resolving intracerebral hemorrhage (case 2) that on DWI mimicked restricted diffusion due to T2 weighted shine through. A DWI ring pattern was noted with toxoplasmosis in one patient with AIDS (case 15). In immunocompetent patients demyelinating disease accounted for the majority of DWI ring lesions in our series (cases 9-12 and 14) and in the literature 4, [7] [8] [9] [10] [11] . ANE was reported in three cases in the literature, all with bilateral thalamic lesions while three cases of BCS involving the white matter were described. In the cases of BCS the lesions were multiple in one and single in two cases and enhancement was seen in all three cases albeit minimal in two 9,10 . Our cases 9 and 10 fulfilled McDonald criteria for definite MS and manifested multiple non-enhancing lesions on Infection Cerebral aspergillosis [2, 16, 17] 5* PML [17, 18] Balo's concentric sclerosis [4, 9, 11] Ischemic infarction [14] , (case 7) 2 *= immunocompromised; [ ]= citations from literature; ( )= present case series. 5 and 7) , and one from the literature with Susac disease 14 . Additionally, in the immunocompetent group we describe a DWI ring lesion in three patients with brain neoplasm, two primary and one metastatic. The primary tumors were glioblastoma multiforme, one confirmed by biopsy (case 5) and the metastasis was renal cell carcinoma.
Lastly, restricted diffusion is an important feature with pyogenic brain abscess, however the ring pattern seen in our case 13 has not to our knowledge been described previously. The etiology of ring lesions on DWI differs from lesions with homogeneous restricted diffusion and a differential diagnosis can be formulated considering the patient's immune status, age, time of disease onset and clinical course, history of malignancy, presence of vascular risk factors and MR imaging characteristics. In addition to lesion size and number, a variant of the DWI ring pattern, namely a "C-shaped" lesion typical of tumefactive demyelination may also be seen 15 .
Although combined DWI and MRS are reported to be valuable in differentiating pyogenic abscess and cystic necrotic tumor, these imaging techniques have limitations considering the overlap of findings 20 , and brain biopsy may be required to distinguish between these two disease entities (case 13).
In summary, ring lesions on DWI occur disproportionately in immunocompromised patients, and then mainly in association with cerebral aspergillosis where the lesions are multiple and small, and with PML and CNS lymphoma where the lesions are single, but larger and ill-defined with PML. A case of toxoplasmosis also occurred in the immunocompromised group. In the immunocompetent group and overall, demyelinating conditions were most common occurring with almost twice the frequency of other etiologies. In the context of 31 cases, 19 of whom are from one institution [15 cases from present series and four from prior reports [3] [4] [5] [6] ], we consider a broader etiologic spectrum of disease than previously associated with ring lesions on DWI.
